Abstract Morphometry-based dating provides a first-order estimate of the temporal evolution of monogenetic volcanic edifices located within an intraplate monogenetic volcanic field or on the flanks of a polygenetic volcano. Two widely used morphometric parameters, namely cone height/width ratio (H max /W co ) and slope angle, were applied to extract chronological information and evaluate their accuracy for morphometry-based ordering. Based on these quantitative parameters extracted from contour-based Digital Elevation Models (DEMs), two event orders for the Bandas del Sur in Tenerife (Canary Islands) were constructed and compared with the existing K-Ar, paleomagnetic and stratigraphic data. The results obtained suggest that the commonly used H max /W co ratio is not reliable, leading to inappropriate temporal order estimates, while the slope angle gives slightly better results. The overall performance of such descriptive parameters was, however, generally poor (i.e. there is no strong correlation between morphometry and age). The geomorphic/morphometric mismatches could be the result of (1) the diversity of syn-eruptive processes (i.e. diverse initial morphologies causing geomorphic/morphometric variability), (2) contrasting, edifice-specific degradation that depends partly upon the inner facies architecture of the volcanic edifices, (3) various external environmental controls (e.g. tephra mantling from pyroclastic density currents unrelated to the edifice evaluated) and (4) differences in the scale/resolution of input data. The observed degradation trend and changes in morphometric parameters over time do not support a simple degradation model for monogenetic scoria cones volcanoes.
Introduction
Scoria (or cinder) cones consist of a wide range of eruptive products produced by explosive and effusive volcanic processes, with the largest portion of their pyroclast successions being lapilli and block/bombs, resulting dominantly from Strombolian eruptions (Wood 1980b; Vespermann and Schmincke 2000; Riedel et al. 2003; Valentine and Gregg 2008) . However, scoria cones are not solely related to Strombolian-style activity, since molten fuelcoolant interaction-driven phreatomagmatic (Gisbert et al. 2009; Martí et al. 2011) , violent Strombolian (Martin and Németh 2006; Pioli et al. 2008) and fire fountaining are also common (Valentine et al. 2007; Di Traglia et al. 2009 ). Scoria cones are usually <2,000 m in basal diameter and <200 m in height, due to the limited eruption energy, magma-supply (<1 km 3 ) and form over relatively short periods of time, spanning from a few days to a decade (Luhr and Simkin 1993; Guilbaud et al. 2009; Németh 2010) . This is in accordance with the commonly used criteria, defining monogenetic volcanoes (e.g. Németh 2010; White and Ross 2011) . The classical and simple facies model and narrow initial geometric variability of volcanic edifices due to their Editorial responsibility: B. van Wyk de Vries Electronic supplementary material The online version of this article (doi:10.1007/s00445-013-0734-1) contains supplementary material, which is available to authorized users. monogenetic origin (Settle 1979; Wood 1980b ) made this type of subaerial volcano an early target of morphometric studies (e.g. Colton 1967; Porter 1972; Dohrenwend et al. 1986 ). These morphometric studies have dealt with: (1) determination and simulation of erosional processes (e.g. Pelletier and Cline 2007; Rodriguez-Gonzalez et al. 2012; de' Michieli Vitturi and Arrowsmith 2013) , (2) descriptions of feeder-dyke geometry and tectonic settings (e.g. Tibaldi 1995; Corazzato and Tibaldi 2006) , (3) statistical approaches to predicting and characterising the future and past volcanic activity (e.g. Doniz et al. 2008) , (4) reconstruction of the original size of volcanic cones (e.g. Parrot 2007 ) and (5) calculation of morphometric-based relative ages to establish temporal constraints on the evolution of monogenetic volcanic fields (e.g. Wood 1980a ). Morphometric analyses are also commonly applied to extraterrestrial volcanic landforms (e.g. Broz and Hauber 2012) .
Morphometry-based dating has been used widely to obtain basic information about the relative ages of scoria cone (Wood 1980a; Hasenaka and Carmichael 1985b; Conway et al. 1998; Aguirre-Díaz et al. 2006; Sucipta et al. 2006; Guilbaud et al. 2012 ) by analysing standard morphometric characteristics, such as ratio of cone height/basal width (H max /W co ) and slope angle (Fig. 1) . Theoretically, both morphometric parameters decrease with time and are therefore 'age-representative ' (e.g. Wood 1980a; Hooper 1995) . These morphometric parameters do not, however, represent on their own the geological age of the cones, unless geomorphic comparisons are made. These geomorphic comparisons have two common assumptions (e.g. Wood 1980a; Hooper and Sheridan 1998): (1) edifices had the same initial geometry (i.e. narrow geomorphic variability) and (2) each edifice examined had a simple and homogenous inner architecture. Both assumptions were based on the well-established architectural facies model for scoria cones and landformspecific geomorphic characteristics (i.e. morphometric signature). If the genetic evolution of the compared volcanic edifices are assumed to be nearly constant (e.g. the final geometry of the resultant edifices are similar at any given age relative to their formation), the changes in morphometric values must show the cumulative effects of degradation processes and their temporal variance, possibly in accordance with long-term climatic changes (Wood 1980a; Hooper 1995; Hooper and Sheridan 1998; Inbar and Risso 2001) . This concept led to the direct and broadly accepted interpretation of the ages of monogenetic volcanoes based on their morphometry, inferred to be progressively modified by erosion processes (e.g. Dohrenwend et al. 1986; Hooper and Sheridan 1998; Inbar and Risso 2001; Inbar et al. 2011) . By contrast, other recent studies have interpreted geomorphic/morphomeric data from some monogenetic volcanoes to be the result of syn-eruptive processes (e.g. Bemis et al. 2011; Fornaciai et al. 2012; Kervyn et al. 2012) . Note, though, that some of the studied volcanoes have been exposed over a longer period of time to the environment (from 0.5 to 1 My). Interpretation of whether volcano morphologic features and signatures developed during or after the eruptions is key for a better understanding of geomorphic/morphometric data from scoria cones, based on geometric parameters, such as slope angle and various height/width ratios (e.g. Kereszturi and Németh 2012a) . The possibility that geomorphic/morphometric data from volcanoes has a bimodal nature has been recently recognised (e.g. Kereszturi and Németh 2012a ) and inferred to indicate that at the time of examination morphometric parameters may contain information of both eruptive processes that built up and modify volcanoes and post-eruptive processes that subsequently reduce them. This recognition was based on the fact that monogenetic scoria cones can have complex internal facies architecture and thus morphologies (e.g. Bertotto et al. 2006; Martin and Németh 2006; Moufti and Németh 2013) that are a result of complex eruptive histories involving multiple eruption styles (e.g. Kereszturi and Németh 2012a) . Consideration of different volcanic landforms resulting from various processes during eruption is not part of the classical and simplified model of scoria cone growth and architecture (e.g. Wood 1980b ).
The limited geochronological data of vents in monogenetic volcanic fields makes it difficult to understand the temporal evolution, processes and possible volcanic hazards. Insufficient geochronological data is an issue in assessing hazards for Tenerife (Canary Islands), which is host to at least 297 monogenetic volcanoes in association with volumetrically larger, polygenetic volcanic systems (e.g. Carracedo et al. 2007; Doniz et al. 2008; Geyer and Martí 2010) . Tenerife is characterised by long-lived (ca. 12 My; Fig. 2 ), subaerial volcanism, including many constructive and destructive phases (Ancochea et al. 1990; Martí et al. 1994; Ablay and Martí 2000; Thirlwall et al. 2000; Carracedo et al. 2007; Blanco-Montenegro et al. 2011) . The long-lasting volcanism constructed three basaltic shield volcanoes were constructed between 11 and 4 Ma ( Fig. 2) : Teno, Anaga and Roque del Conde (e.g. Ancochea et al. 1990 ). Later (<3 Ma) and more differentiated magmas (e.g. phonolitic) constructed a larger volcanic edifice, Las Cañadas, which merges the previously formed shield remnants (Ancochea et al. 1990; Marti and Gudmundsson 2000; Carracedo et al. 2007 ). The majority of the current monogenetic volcanism in Tenerife occurs along two main rifts, running NW-SE (Santiago del Teide rift) and ENE-WSW (Dorsal rift) (Fig. 2) . Monogenetic volcanism on the southern slopes of Las Cañadas volcano (Figs. 2 and 3) has also been common, however, forming about 80 monogenetic volcanoes since 2 Ma (Bryan et al. 1998; Carracedo et al. 2007; Doniz et al. 2008; Kröchert and Buchner 2009; Carmona et al. 2011) . The majority of these monogenetic volcanoes are expected to have experienced many environmental changes, including minor mantling from pyroclastic flows (e.g. Pittari et al. 2005; Edgar et al. 2007) , and this makes their emplacement and degradation histories difficult to interpret. This complexity of the hosting sedimentary system may also affect the reliability of interpretation of geomorphic/morphometric data that can be extracted from topographic data, such as Digital Elevation Models (DEMs), of volcanoes. To assess use of morphometric data in determining age or relative age of volcanoes, the present study focuses on (1) establishing the order of formation for volcanoes of the Bandas del Sur based on H max /W co ratios and slope angles of the volcanic edifices, (2) evaluating of the morphometry-based dating method and (3) exploring the meaning and interpretation of topographic attributes of monogenetic volcanoes.
Materials and methods

Input data and data processing
Fifty-nine volcanic edifices from the Bandas del Sur in Tenerife have been parameterised from contour-based DEMs. The input data and flow of data processing were subdivided into four parts: (1) data pre-processing and DEM interpolation for each volcanic edifice, (2) establishing the pre-eruptive substratum underneath each edifice, (3) delimiting edifice boundaries and (4) flank segment delimitation and morphometric parameter extraction. The flow of data processing and parameterisation steps are illustrated in Fig. 4 , and a detailed description can be found in Online Resource 1.
To examine the pre-eruptive surface and its characteristics (e.g. slope angle and aspect), spot heights were used instead of contour lines (Fig. 4) . Spot heights are more discrete than contour lines that 'include' valleys and other post-eruptive surface modifications. Thus, spot heights are better in the approximation of the syn-eruptive substratum under volcanic edifices, provided that they are not located within the area of (1) any large valleys located near the analysed volcanic edifice, (2) the tephra mantling around the cone, (3) the cones' slopes or (4) any associated lava flows. For detection of such places, orthophotos, geological maps and field observations were used. The basement (i.e. pre-eruptive) surface beneath the edifices was, here, modelled as a first-order trend surface generated by a polynomial regression method fitted on spot heights digitised from topographic maps.
Cone delineation is commonly a subjective task. It is usually based on a combination of topographic characteristics (e.g. break-in-slope) and geology, and it must be done manually. In a few recent studies, however, semi-or completely automatic methods were developed for this purpose based on primary DEM derivates such as slope angle or curvature maps (e.g. Grosse et al. 2009; or contour lines (e.g. Bohnenstiehl et al. 2012; Howell et al. 2012) . In this study, only primary input data and no derivatives were used in our manual definition the edifice boundaries (Fig. 4) . Input data were derived from geological maps (IGME 2003), topographic maps, orthophotos and field work (Dóniz-Páez 2004) .
Morphometric parameters and their extraction from DEMs
Basic morphometric parameters of a volcanic edifice, such as average edifice basal diameter (W co ), can be defined in Fig. 1 DEM-derived oblique view of the Mt. Rasca scoria cone and lava flow with the morphometric parameters used in the present paper many ways (Fig. 4) . Classically, the average W co , as is defined by Settle (1979) , is:
where the d max and d min are the maximum and minimum basal diameters of the volcanic edifice. Here, these were defined as the major and minor axis of an ellipse fitted to a volcanic edifice. The definition of the average W co (Fig. 4 ) has been recently redefined by Favalli et al. (2009) as:
where A co is the planimetric area of the volcanic edifice, including crater and outer flanks. In the case of breached volcanic craters, the edifice boundary is estimated perpendicular to the breaching direction, similar to Kervyn et al. (2012) . The elevation difference between the interpolated DEMs and the basement can be used to define the maximum cone height, H max (Favalli et al. 2009; Rodriguez-Gonzalez et al. 2009; Gilichinsky et al. 2010; Inbar et al. 2011; .
The gradient vector at a given point on a digital surface is often calculated by its neighbours located within a 3×3 grid kernel (e.g. Bolstad and Stowe 1994; Jordan et al. 2005; Ziadat 2007 ). The gradient vector has a magnitude (i.e. slope angle) and a direction (i.e. aspect), which can be measured in a grid-based environment as: Fig. 2 Ancochea et al. (1990) , IGME (2003) and Carracedo et al. (2007) . Note that the rift zones are: NW or Santiago del Teide Rift, NE or Dorsal Rift, BdS Bandas del Sur
where fx=δz/δx and fy=δz/δy, for bivariate function, z= f(x,y). From a DEM, the first derivates can be calculated by various filters (e.g. Jones 1998; Jordan 2007) . In Eq. 4, the azimuth is measured clockwise from north. To calculate slope angle and aspect, a linear, unweighted, third-order finite difference method was used, e.g. Prewitt operator (Prewitt 1970 ). This algorithm is resistant to cell deviations originating from interpolation (e.g. Raaflaub and Collins 2006) , and the results are more generalised due to the smoothing effect of linear fitting. The derivates are defined after Sharpnack and Akin (1969) as:
where Z1-Z9 are the elevation values in a 3×3 grid kernel, and ΔX and ΔY are the size of the grid cell along the two main principal directions. Z1 corresponds to the top left, while Z9 is the bottom right cell. Slope angle and aspect were calculated for both the basal surface and for the cone outer flanks (Figs. 1 and 4). The slope angle and aspect of the basal surface estimates the inclination and dip direction of the substratum beneath the edifice (Fig. 4) , which may cause variability in representing the geomorphology of the volcanic edifices to various extents (e.g. Tibaldi 1995; Németh et al. 2011; Kervyn et al. 2012) . To minimise the effect of slope angle modifications resulting from inclined pre-eruptive terrains, the outer flanks of each edifice were subdivided into three flank segments: F uphill , F downhill and F other (Fig. 4 ), similar to Kereszturi et al. (2012) . The first two flank segments are located along (±45°) the main axis of the basal surface inclination, while the F other segment is perpendicular (±45°) to the overall direction of dipping. To extract and delimit these flank sectors, the volcanic edifice aspect maps were reclassified based on the general direction of inclination of the pre-eruptive surface:
where the ASPECT basal is obtained directly from the preeruptive basal surface. For each flank sector (F uphill , F downhill and F other ) and for the entire edifice (F whole ), mean (S mean ), median (S med ) and mode (S mode ) slope angle parameters were calculated. For edifices truncated by post-eruptive processes, such as quarrying or landslides, only apparently undisturbed flanks were used (e.g. no scarp surfaces or Bryan et al. (1998) and IGME (2003 
Results: morphometry and temporal ordering
Using Eqs. 1 and 2, the average W co for the measured volcanic edifices in the Bandas del Sur is 546±219 m and 539±218 m, respectively. The error range is given with 1 standard deviation (σ). The average volcanic edifice has a major diameter ( Tabaibas (0.240; from the Buzanada chain). All of these extremely high values are derived from edifices with more than one crater. In these cases, parameterisation was performed for each crater. The boundary delimitation between these amalgamated edifices was often inaccurate due to a lack of topographic change (e.g. no slope change or visible boundary), leading to a slight increase in the height estimations, which caused the overestimation of the H max /W co ratios. In addition, there is only one example, the Mt. Pelada tuff ring, of an edifice formed by phreatomagmatic eruptions (Carmona et al. 2011) . As a result of this, the morphology significantly differs from those of other volcanic edifices . Another two edifices, including Mt. Erales and Mt. Amarilla, Fig. 4 Graphical overview of the morphometric parameterisation method applied for the monogenetic volcanoes of the Bandas del Sur experienced phreatomagmatic eruptions but mostly only in their initial phases (Clarke et al. 2009; Carmona et al. 2011) . Their morphologies are similar to those of most other magmatic edifices in the Bandas del Sur. S mean , S med and S mode are between 15°(Mt. Yaco) and 30°( La Montañeta from the Buzanada volcanic chain; Fig. 6c and d) for the whole outer flanks, with an average of 22.9°±3.6°( Online Resource 4). In terms of flank sectors, a large variation is found between the different flank segments of individual edifices. In addition, there is a slight correlation between the slope angle of the flank segments and the pre-eruptive surface inclination (Fig. 6d) , i.e. with increasing dip of basal surfaces, the differences between flank segments slightly increases. Most slope angle differences are <10°. Extreme cases, such as the southern slope of Mt. Roja (affected by wave-cut erosion), produce the largest slope angle differences between the flank sectors of up to 24°. The outer flanks of the analysed volcanic edifices locally show multiple break-in-slopes on the flanks and around the foot of the edifices. This is visualised in Fig. 7 , using four scoria cones with different ages covering a 1 My age spectrum. The differences are present when averaging all of the studied cones from the Bandas del Sur. The average of the slope angles of different flank sectors varies for the F uphill (S mean =20.9±5°, S med =20.5±5.1°, S mode =20.4±6.2°), for the F downhill (S mean =23.6±4.8°, S med =23.8±4.9°, S mode = 23.6±7°), as well as for the F other (S mean =23.1±3.9°, S med = Note that the ratio between the minimum and maximum diameter of the edifices defines the elongation. b W co as a function of H max , which determines the important H max /W co ratio. The W co is calculated by Eq. 2. c H max /W co ratio as a function of slope angle. The W co is based on Eq. 2. Details in Online Resource 3. d Increasing variability of slope angle on the F uphill and F downhill flank segments as a function of the basement inclination (S basal ). The outlier data (Mt. Roja) is the result of intensive wave-cut erosion. Note that blue triangles in all graphs represent those four volcanic edifices with phreatomagmatic phase(s) during their construction based on sedimentary evidences (Clarke et al. 2005 (Clarke et al. , 2009 Carmona et al. 2011) 23.1±4.2°, S mode =22.4±6.5°). The highest and lowest overall values are related to the F uphill and F downhill flank segments, showing the potential for under-and overestimation of the morphometric values on these flanks.
Based on the morphometric data presented above, a temporal ordering for the Bandas del Sur was constructed. The morphometric data (e.g. H max /W co and slope angle) were sorted from high to low, representing a list of volcanoes from the supposedly 'youngest' to the 'oldest' (Online Resource 5). In the slope angle-based ordering, the S mean values were preferred and used. However, it is worth noting that the S med values have usually <1°difference, while S mode is varied usually by >1°( Online Resource 4). In the flat-lying areas (≤4°), ordering was performed based on F whole (n=19), with the expectation of smaller geomorphic variability between flank segments (Kereszturi et al. 2012) . In contrast, volcanic edifices situated on steeper flanks (≥4°) were ordered based on either F other or the supposed intact segments (F intact ) of each edifice. F other flank sectors were used in 25 cases (Fig. 4 and Online Resource 5). Some volcanoes (n=15) have some degree of flank 'irregularity' (e.g. abrasion, landslide scar, quarrying, etc.). The spatial distribution of geomorphic parameters for each eruption centres studied is shown in the Fig. 8 
Discussion
Accuracy of morphometry-based temporal ordering
There are several possible ways to evaluate the performance and reliability of morphometric parameters as age markers. Here, the results of morphometry-based temporal-ordering are compared with existing absolute/relative age data sets (e.g. K-Ar, paleomagnetic data and statigraphy).
Well-established absolute ages, supported by paleomagnetic data and statigraphy, exist for only 13 edifices (Fig. 3) : Buzanada chain (0.09 Ma; six cones); Mt. Amarilla chain (0.30 Ma; five cones); and the Mt. Gorda (0.32 Ma) and Mt. Roja (0.94 Ma) eruption centres (Carracedo et al. 2007; Kröchert and Buchner 2009) . In terms of comparison with absolute ages, the H max /W co ratio and slope angle-based Fig. 6 temporal distributions generally show the highest values around the Buzanada chain (Fig. 8) , which contains the youngest volcanoes in the Bandas del Sur, according to KAr and paleomagnetic ages (Bryan et al. 1998; Carracedo et al. 2007; Edgar et al. 2007; Clarke et al. 2009; Kröchert and Buchner 2009 ). However, the morphometry-based temporal Fig. 7 a, b Example slope angle maps and histograms for four scoria cones from the Bandas del Sur with well-defined ages based on paleomagnetism, K-Ar radiometric ages and stratigraphic position. c The edifice height as a function of slope angles. The slope angles (S mean , S med and S mode ) were, here, calculated as averaging values along contour lines, similar to Grosse et al. (2009) . One standard deviation of the slope angle along contour lines is shown as error bars. Note that an increased standard deviation of the slope angle is always associated with small changes in the topography and increasing dissection by rills and gullies, or landslide scars on the flanks of volcanic edifices ordering has failed to resolve the chronology of the Bandas del Sur completely. The number of mismatches between the morphometry-based estimates and the absolute ages are seven cases for the H max /W co , and two cases for the slope angle ( Fig. 8 and Online Resource 5). Thus the H max /W co ratio is here less accurate than the slope angles. The inaccuracy of the H max /W co ratio is supported by many examples. The Mt. Roja edifice (0.94 Ma) is predicted by the model to be the fifth youngest volcanoes immediately between the dated cone from the Buzanada chain (0.09 Ma) and the Mt. Gorda volcano (0.32 Ma) (Carracedo et al. 2007 ).
The paleomagnetic data of the Bandas del Sur are far more numerous with more than 40 relative ages, although they consist of only two age groups ≥0.778 and ≤0.778 Ma (Kröchert and Buchner 2009) . The agreement between these ages and the morphometry-based event order is better when considering the slope angle rather than the H max /W co ratio (Online Resource 5). The results of the paleomagnetic measurements show numerous conflicts with the results of the temporal ordering based on the H max /W co ratios. For Bandas del Sur, this ratio fails to follow the trend (i.e. morphometric parameters decreasing over time) that has been documented elsewhere (Wood 1980a; Hasenaka and Carmichael 1985b; Hooper and Sheridan 1998; Favalli et al. 2009 ).
On a larger time scale, the statigraphy-based grouping into volcanic cycles after Bryan et al. (1998) provides an opportunity to quantify gross, cycle-average morphometric signatures for volcanic edifices. The results show that there is only a slight difference between the cycle-average values of H max /W co ratios (0.146±0.044 for Cycle 3 and 0.144± 0.045 for Cycle 2; Online Resource 5). Thus, the gross geomorphic signature of Cycle 3 volcanoes' is identical to that of the older cones from Cycle 2 (Online Resource 5). In contrast, the values are significantly better for the slope angles, ranging 26.8°±2.7°for Cycle 4 to 19.9°±3.2°for Cycle 2 (Online Resource 5). This mild decrease in the dominant group average values from Cycle 4 to Cycle 2 again indicates that slope angle is a more reliable morphometric parameter than the H max /W co ratio. This is in agreement with other studies on scoria cones (e.g. Kereszturi and Németh 2012b ) and on silicic domes (e.g. Karátson et al. 2013) .
A further difference between the two 'age-descriptors' is found in a large number of individual cases, such as Mt. Roja, Mt. Funes, Mt. Chimbesque, Mt. Mesita or Mt. Titela (see Fig. 8 and Online Resource 5). These example volcanoes are characterised by large differences between the two 'age-descriptor' parameters. For instance, there are two chains ('Amarilla' and 'Buzanada'; Fig. 3 ) composed of five to six individual monogenetic centres (Carracedo et al. 2007; Clarke et al. 2009 ). Because they possibly have the same geological age, some issues arise when deciding how these volcanoes should be treated. They could be handled as a single volcano (i.e. using the highest or the average morphometric data for all centres) or as multiple volcanoes (i.e. using the morphometric data for each centre individually). According to K-Ar dating, paleomagnetic data and stratigraphic relations, the volcanoes of both chains formed during the same period of time or with a relatively small time gap (Bryan et al. 1998; Carracedo et al. 2003; Kröchert and Buchner 2009) , limiting the possibility of extensive geomorphic modification of one volcano before another was formed. Nevertheless, when determining H max /W co and slope angles for the individual volcanoes within the same volcanic chain, it is evident that they have distinct geomorphic signatures, for instance, the larger Mt. Tabaibas cone (H max /W co =0.22 and S mean =28°) and Mt. del Puente (H max /W co =0.14 and S mean =25°; see details in the Online Resources 3 and 4). These differences are generally larger than the limits of the measurement errors (especially for the H max /W co ratio), and therefore, they could modify the results of the temporal ordering (see Online Resource 5). Due to the abundance of such geomorphic irregularities, leading mismatches between S mean and H max /W co parameters, the The black arrows indicate large differences between the two 'age descriptor'. Note that there is a large geomorphic variability in between volcanoes formed at the same time within the Buzanada (B in bold) and Amarilla volcanic chains (A in bold). The Mt. Pelada is formed by phreatomagmatic eruption, which is visible on its low H max /W co ratio morphometry-based temporal ordering of the Bandas del Sur fails to produce a result consistent with the existing absolute and relative ages. This is in conflict with previous results derived from volcanic fields worldwide (e.g. Hooper and Sheridan 1998; Favalli et al. 2009; Inbar et al. 2011 ) and calls into question the accuracy and reliability of morphometry in establishing ages for even young monogenetic volcanic edifices.
Origin of mismatches in morphometric parameters
A slight trend can be recognised from the results of the morphometric ordering (Fig. 8) , but the overall accuracy of such morphometry-based methods is poor. In particular, the H max /W co ratio is found to be more inaccurate and unreliable than the temporal ordering based on the slope angle characteristics. Therefore, the morphometry-based Fig. 9 Examples of syneruptive controlling factors on the final geomorphology of a monogenetic volcano. Note that all of these syn-eruptive processes could cause the initial geomorphic/morphometric variability of monogenetic volcanoes temporal ordering failed to produce a convincing result for the age pattern of the Bandas del Sur, which comprises closely spaced monogenetic volcanoes with different ages (Kröchert and Buchner 2009 ). The observed poor or limited performance of the 'age-representative' morphometric parameters could be interpreted in at least four different ways.
(1) The common mismatches for individual edifices could be a result of the differences in the controlling factors involved in the construction and degradation of the examined volcanoes (Figs. 9 and 10 ). Syn-eruptive factors controlling the inclination of the eruptive surface, effusive activity and related crater breaching could introduce geomorphic variability in the initial geometry (Tibaldi 1995; Kereszturi et al. 2012; Kervyn et al. 2012 ) that, in turn, could further modify the long-term degradation pattern edifice by edifice. The overall effect of these differences in the original geometry (and possibly in the internal facies architecture of the edifices) could cause the observed mismatches in the geometric parameters and consequent failure to give a result consistent with the existing known ages. If the initial geometry of the scoria cones in the Bandas del Sur were this varied, one common requirement for geomorphic comparison would not be completely fulfilled. Thus, an overall temporal ordering will not be attainable from morphometric data alone. Fig. 10 Examples of the posteruptive controlling factor on the final geomorphology of a monogenetic volcano. The combination of the syneruptive-process shaped geomorphology and the diverse patterns of the aggradation and degradation processes cause geomorphic/morphometric mismatches to develop over the degradation history of a monogenetic volcano (2) It is also possible that the Bandas del Sur differs from a typical volcanic and sedimentological environment in which the expected degradation trends inferred by Wood (1980a) are applicable. The majority of morphometric studies have been focused on monogenetic volcanic fields in intraplate settings, such as the San Francisco volcanic field in Arizona (e.g. Colton 1967; Wood 1980a; Conway et al. 1998; Hooper and Sheridan 1998) . In contrast to this, the monogenetic volcanoes in the Bandas del Sur are products of flank eruptions of Las Cañadas volcano over the last 2 My. However, this explanation seems invalid, given that there are also a few studies that analysed volcano morphology in similar settings, such as at Mt. Etna in Italy (Wood 1980a; Corazzato and Tibaldi 2006; Favalli et al. 2009 ), Mauna Kea in Hawaii (Porter 1972; Kervyn et al. 2012) , Newberry volcano (Wood 1980a) , Tenerife (Doniz et al. 2008) , Piton de la Fournaise in Reunion (Wood 1980a) and Lamongan volcano, East Java, Indonesia (Carn 2000) . Nevertheless, in some instances, this difference in settings could be responsible for some of the observed geomorphic mismatches, due to, for example, tephra mantling (White 1991; Valentine et al. 2007; Kereszturi and Németh 2012a) . Many of the basaltic volcanic edifices in the Bandas del Sur were mantled by multiple pyroclastic flows originating from the Las Cañadas volcano, e.g. the Diego Hernandez Formation (Martí et al. 1994; Bryan et al. 1998; Brown et al. 2003; Pittari et al. 2005; Edgar et al. 2007 ). The major pathway for pyroclastic density currents was mostly the older, radially developed drainage system on the southern flanks of the Las Cañadas volcano (Bryan et al. 1998; Pittari et al. 2006) . In fact, inside the valleys, where some of the examined scoria cones are located, typically stratified, ignimbritic veneer deposit facies are predominant (Pittari et al. 2006) . Therefore, almost of all the studied cones, excluding the young Buzanada chain, have been partially covered by multiple deposits from pyroclastic flows and, rarely, surges, as well as tephra from the co-ignimbrite ash cloud (Pittari et al. 2006; Edgar et al. 2007 ). The ignimbrite mantling may have affected vegetation cover and possibly eroded the monogenetic edifices based on the abundance of scars and scour structures and the basaltic lithics found in the ignimbrites (e.g. Bryan et al. 1998; Pittari and Cas 2004) . These changes due to mantling may have introduced some changes in the predominant eruption processes on the flanks, but this alone cannot not be responsible for the overall poor performance of the morphometric parameters of the Bandas del Sur.
(3) An explanation could also be that trends and degradation patterns, described by early studies (Wood 1980a) , were only apparent on a short time scale (0.01 to 0.5 My). This is due to the lack of, or limited (e.g. ≤5 % of the edifice population analysed), age controls in the early studies (e.g. Scott and Trask 1971; Bloomfield 1975; Wood 1980a; Hasenaka and Carmichael 1985a) . In addition, most of the examined scoria cones were classified into age groups based on their geomorphic state (Wood 1980a) , after Colton (1967) . The first study in which almost a complete and independent age control was used is by Dohrenwend et al. (1986) . In this study, morphometric parameters were defined differently to the here-presented study (e.g. average height was used instead of maximum height, and maximum slope angle was measured using Abney level measurements); however, it also found similar mismatches between morphometric parameters [e.g. Cone BB with age of 0.33 Ma has H co /W co =0.15 and S max = 25.8°, while Cone F with age of 0.59 Ma has H co /W co =0.18 and S max =26.5°; Dohrenwend et al. (1986) ]. The documented correlation between age and H max /W co and slope angle values were also found to be quite contrasting, with correlation coefficients of 0.4 and 0.9, respectively [e.g. Figs. 4a and 5a in Dohrenwend et al. (1986) ]. Additional large variability can be found in the results of other earlier papers, such as from the Sierra Chichinautzin volcanic field in Mexico (e.g. Bloomfield 1975 ) and from Michoacán-Guanajuato volcanic field in Mexico (e.g. Hasenaka and Carmichael 1985a; 1985b) . In the latter case, only 11 volcanoes were dated with reliable methods (e.g. 14 C or K-Ar radiometric dating) out of the 1,040 analysed. Among these eleven dated volcanoes, there is a large scattering in the height/width ratios, and there is no decreasing trend in the slope angle values for volcanoes with ages of ≤40 ka [e.g. Table 2 and Fig. 7 in Hasenaka and Carmichael (1985a) ]. This poor trend in the early studies is consistent with the poor temporal ordering results based on the H max /W co ratio presented in this study. Based on this comparison of the results of early studies and the finding presented here, there is a chance that morphometric parameters (especially H max /W co ) are not good enough parameters to distinguish age differences on a short-time scale (i.e. thousand years to ≤0.5 My). These parameters can only be reliably used to distinguish edifices over a longer timescale (e.g. million years), which is usually an insufficient resolution for temporal dating.
(4) Given that previous studies were based on topographic data, such as contour lines from topographic maps of ≥1:25,000 with contour intervals of ≥10-20 m (e.g. Scott and Trask 1971; Porter 1972; Settle 1979; Wood 1980a; Hasenaka and Carmichael 1985b) , only large-scale topographic differences (e.g. ≥10-20 m) on the flanks of a scoria cone could be detected. These limited topographic data prevented the fine-scale (5-10 m) morphometric variability from being considered, which is a serious error in morphometric analysis. In contrast, the input data used recently for geomorphic analyses of scoria cones, such as Light Detection and Ranging (LiDAR) survey-based DEMs (e.g. Favalli et al. 2009 ) or topographic maps with contour intervals of ≤5 m (e.g. Kereszturi and Németh 2012b) , are an order of magnitude more fine-detailed, so m-scale changes in topography can be detected with a high accuracy (Fig. 7) . This change in input data quality may allow too much of the finer topographic details to be 'seen', causing a breakdown in the expected degradation trends on this fine-scale level. This breakdown of the expected decrease in morphometric values is inferred to be in close relationship with the types of pyroclastic deposits exposed (e.g. textural and granulometric characteristics, and related surface roughness, etc.). This behavior should be investigated in detail by studies in the future.
In summary, there is a great variety of syn-and post-eruptive processes that may alter the 'normal' degradation of the edifices at the Bandas del Sur in Tenerife, leading to unexpected morphometric scenarios and changes in morphometric parameters over time (Figs. 9 and 10 ). In the Bandas del Sur, the occurrence of geomorphic mismatches is, however, interpreted to be the results of a combination of all the four circumstances discussed above. Considering the presence of (unnoticed) morphometric mismatches is common in the results of morphometric analysis in the earlier papers (Bloomfield 1975; Hasenaka and Carmichael 1985a; Dohrenwend et al. 1986) , it is possible that the increased number of geomorphic mismatches in the Bandas del Sur is related to a combination of diverse initial morphologies due to differences in eruption histories, with diverse degradation histories due to these edifices degrading in a rapidly changing sedimentary system, coupled with some 'scaling effect' from the fine details of the input data. This implies that trends found and proposed by early studies cannot be applied directly to all volcanic field and flank volcanoes using high resolution/accuracy topographic data. The decrease in morphometric parameters of scoria cones over time is expected to be significant over longer time scales (≥0.5 My), and they show obscure and scattered trends on a short time scale (≤0.5 My). This 'lag' time in the decrease of morphometric parameters is inferred to be due to the presence of initial geomorphic variability that is commonly 'smoothed' out by subsequent degradation processes. In the examples above, the length of this 'lag' time is longer in a semi-arid climate, such as in the Cima volcanic field (≤0.5 My), than in a subtropical climate, such as in the Michoacán-Guanajuato volcanic field (≤0.1 My), which is in agreement with the dynamics and rates of eruption processes in different climates (e.g. Wood 1980a; Hooper and Sheridan 1998; Fornaciai et al. 2012) . These limitations should be considered, when establishing morphometry-based temporal models and interpreting morphometric data of scoria cones.
From morphometric variability to geomorphic mismatches: interpretation of morphometric data for scoria cones Eruptive cone-building processes are not the same for all volcanic edifices. For example, scoria cones built up from ash and lapilli, such as Parícutin in Michoacán, Mexico (Luhr and Simkin 1993) , can experience different types of degradation processes to 'ordinary' scoria cones made up from lapilli and bombs/blocks, such as NE crater in the Mt. Etna (McGetchin et al. 1974) . In addition, the construction of a monogenetic scoria cone commonly involves multiple pyroclast transport mechanisms, including both ballistic emplacement and fallout from turbulent, momentum-driven jets (McGetchin et al. 1974; Gutmann 1979; Wood 1980b; Riedel et al. 2003; Mannen and Ito 2007; Guilbaud et al. 2009 ). Complex combinations of eruption styles, leading to compound or complex eruption histories, are not, however, always imprinted into the resultant edifice morphology (e.g. Kereszturi and Németh 2012a) . Where it is possible to detect complexity in edifice growth from geomorphic data, the morphometric variability can be expressed by geomorphic parameterisation. For the detection of features produced during eruptive edifice development, volcanic edifices with young absolute ages (less than or equal to a few kiloannum?) are the best because there is less complications from posteruptive surface modification. A fine-scale morphometric analysis of ≤4 ka scoria cones on Tenerife has demonstrated morphometric variability among erosionally unmodified edifices (Kereszturi et al. 2012) . Geomorphic/morphometric variability is defined as the geomorphic/morphometric differences (expressed through morphometric parameters) between primary, uneroded edifices and forms during the volcano's development during eruption. In the young volcanic edifices on Tenerife, significant morphometric variability was found on at least two levels, at both intra-and inter-edifice scales (Kereszturi et al. 2012) . The intra-edifice geomorphic variability is associated with small-scale structural deformation of the volcanic edifice during eruption. This is commonly the result of the pre-eruptive surface inclination combined with effusive activity (e.g. Tibaldi 1995; Valentine et al. 2006; Kereszturi et al. 2012) . On a larger scale, such geomorphic variability is also present in edifices with similar age, due the different configuration of external and internal factors, shaping the edifice during the course of the eruption. This small-scale geomorphic variability was not detected and taken into account in the classical morphometric studies (e.g. Wood 1980a; Dohrenwend et al. 1986 ). The practical implication of such variability is that if the initial geometry of the resultant landform is characterised by a wide range of morphologies, their long-term degradation and morphologies cannot be compared with each other (at least not using H max /W co ratio). Therefore, there is no basis for comparison of old edifices with uncertain original morphologies. The morphometric variability derived from syn-eruptive processes could introduce an initial difference in the morphometric values between volcanic edifices, which could further lead to difference in morphometric values, causing individual edifice-specific degradation trends (Kereszturi and Németh 2012a) . In other words, the individual volcanoes degrade at their own pace, as a response to the internal resistance of their pyroclastic deposits to the 'environment' where they are located (i.e. susceptibility for chemical weathering and weathering product transport).
Geomorphic variability in the final geometry of a constructed edifice could cause a slight 'input' difference when comparing individual volcanoes during a morphometric study. This, usually fine-scale, geomorphic variability is gradually removed (or replaced) by post-eruptive processes. The combination of the geomorphic variability and the complex sedimentary systems in which they occur (e.g. White 1991; Manville et al. 2009 ) means that the geomorphic signatures become very complicated to interpret over time. These dynamic environments have important post-eruptive effects on the degradation and preservation trends of a volcano. This is in agreement with the identified poor correlation of the age-progression analysed monogenetic volcanoes in the Bandas del Sur. Consequently, the poor correlation of morphometric parameters with age has been interpreted as the numerical signature of both for the complex pattern of edifice growth (e.g. complexity and combination of eruption styles) and Fig. 11 Expected morphometric changes of H max /W co and slope angle (S mean ) over time in the Bandas del Sur in Tenerife. Major phonolitic ignimbrites eruption (Ancochea et al. 1990; Bryan et al. 1998; Brown et al. 2003; Edgar et al. 2007 ) and formation of basaltic cycles (Ancochea et al. 1990; Bryan et al. 1998; Carracedo et al. 2007; Kröchert and Buchner 2009) are also shown as event horizons because these could have caused tephra mantling of volcanic edifices in the study area. Note that the degradation path of each examined volcanoes is shown as straight line for simplicity only, but, in the reality it is probably faster in the beginning and slower towards the end of degradation (Wood 1980a; Dohrenwend et al. 1986 ). Initial geomorphic variability is shown as a vertical error bar, approximated by one standard deviation of the data. The initial geomorphic values and their variability are assumed to be 0.18±0.025 for H max /W co , and 26.8±2.7°for slope angles. The chosen initial values for H max /W co are consistent with the values of young scoria cones found worldwide by Wood (1980a) and the variability is slightly less than Cycle 4 gross values (0.17±0.034) from the Bandas del Sur. The initial slope angle values and their variability are based on the youngest (≤4 ka) scoria cone population from Tenerife (e.g. Kereszturi et al. 2012) . Note, though, that these values are identical with the Cycle 4 gross values, which derived from older volcanoes with age of ca. 90 ka (Online Resource 5). The horizontal error bar is the standard error of the age determination for each volcano. Note that on the right hand-side of the graph the geomorphic convergence due to equifinality (same morphometric signatures associated with edifices with strikingly different ages) is clearly shown. Therefore, most of these example volcanoes may have had a complex eruption and degradation histories, involving both long-term (e.g. rain-splash erosion, rill and gully erosion) and short-term degradation processes (e.g. mantling; horizontal dashed black lines). In a few cases, such as the H max /W co of Mr. Roja and Mt. Gorda or slope angle of Mt. Gorda, morphometric parameters appear to be increasing over time. This could originate from (1) error in estimating the edifice boundaries due to mantling or extensive debris apron presence, (2) erosional undermining and steepening of the edifice (e.g. Kereszturi and Németh 2012a ) and/or (3) larger initial geomorphic variability than assumed subsequent degradation by both long-and short-term (or event) degradation processes.
As a consequence of the individual, edifice-specific degradation, a certain geomorphology (expressed through morphometric parameters) of degraded volcanic landforms can be reached via many different erosion paths over different time scales (Kereszturi and Németh 2012a) ; the erosion of a scoria cone as an open system obeys the principle of equifinality. Therefore, the equifinality is not just present once these volcanic edifices have been completely eroded away, but it seems they are present during certain stage of the degradation history. At a given time in the degradation histories of scoria cones, the geomorphic signatures can be in the same range, but the compared edifices may be linked to different rates and duration of erosion. This circumstance causes geomorphic/morphometric mismatches in a comparative analysis, i.e. temporal ordering based on morphology. This is commonly found in the Bandas del Sur, where volcanoes with different absolute ages share similar geomorphic characteristics (Fig. 11) . Thus, geomorphic mismatches are possible an important phenomenon in a monogenetic volcanic field, leading to some uncertainty in the interpretation of morphometric data derived from volcanoes.
Morphometric data of newly produced volcanoes hold information on eruptive processes, such as effects and combination of eruption styles and triggered pyroclast transport mechanisms. Once degradation processes have modified the initial geometry of the volcano by, for example, development of a drainage network (e.g. Mt. Titela in Fig. 10a or Mt. Gorda in Fig. 7 ) or debris apron (e.g. Mt. Rasca, Figs. 1 and 9a) , the eruptive morphometric signatures are modified. Thus, older edifices with modified surface should not be used for detecting original geomorphic variability or eruptive processes. For large-scale, comparative geomorphic analysis of hundreds of volcanic edifices and/or comparisons between volcanic fields based on their monogenetic volcanoes should handle with care due to the presence of geomorphic mismatches. Field-specific averages of morphometric signatures should be considered as a 'mixture' that contains both syn-eruptive and post-eruptive geomorphic signatures (Kereszturi and Németh 2012a) and not just the results of primary, syn-eruptive (e.g. Bemis et al. 2011; Fornaciai et al. 2012) or erosion-related processes (e.g. Wood 1980a; Hooper and Sheridan 1998).
Conclusions
The morphometry-based (e.g. H max /W co ) temporal ordering for Bandas del Sur has shown weak or no correlation with the time elapsed since the formation of the monogenetic satellite vents on the flanks of Las Cañadas volcano. The temporal order is improved slightly using slope angle instead of H max /W co , therefore, it is a better descriptor for expressing age based on morphometry. The observed poor performance of morphometric age-descriptors is interpreted to be the result of combination of (1) syn-eruptive geomorphic variability, and/or the complexity of degradation processes experienced by the studied volcanic edifices, and (2) an increase in the amount of information regarding the fine topographic details in the input data.
A wide range of eruptive and post-eruptive processes influence the morphology of monogenetic scoria cones. Based on the observed great diversity and external environmental changes over time (e.g. influence of climate, events such as mantling by tephra from other volcanoes, or by eolian fines), we question the use of morphometry-based dating on short time scale (≥0.2-0.5 My). The interpretation of morphometric parameters is complicated and immediately implies that the information (e.g. eruptive or post-eruptive in origin) preserved in the geomorphology of a volcanic edifice is continuously 'changing' over time, from eruptive to erosional meanings.
Scoria cone degradation should vary edifice by edifice (i.e. edifice-specific and not volcano-type specific), which is characterised by the presence of geomorphic/morphometric variability, leading to geomorphic/morphometric mismatches over the degradation of the volcanoes. Therefore, care should be taken when comparing cones to each other and/or in the straight interpretation of large amounts of morphometric data derived from hundreds of cones (e.g. Settle 1979; Wood 1980a; Aguirre-Díaz et al. 2006; Negrete-Aranda et al. 2010; Bemis et al. 2011; Fornaciai et al. 2012) .
In morphometric studies, grouping of edifices is a common procedure, using their morphometric parameters as a discriminating factor (e.g. Colton 1967 ). However, the morphometric values have been found to have larger variability on an edifice-scale (e.g. Kereszturi et al. 2012 ) than were assumed by previous studies (e.g. Wood 1980a). A more constant factor for edifice grouping would be their genetic origin (e.g. their eruption history), because scoria cones are known to result from multiple types of eruption styles (Valentine et al. 2007; Németh et al. 2011; Kereszturi and Németh 2012a) . If the genetic origin is similar, then the geomorphic and degradation history of each volcano within the same group would experience similar patterns and rates of erosion. Volcanic edifices with different origin at similar ages would have experienced similar degradation histories. Future studies need to explore the opportunity presented by the genetic origin-based classification (e.g. Kereszturi and Németh 2012a) , in order to improve our understanding of geomorphic data from volcanoes.
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